The present study examined the effect of sonication time on the particle-size and the colloidal stability (i.e. point of zero charge, PZC and zeta potential, f) of raw bentonite (RB) from Saudi Arabia. In this study, bentonite suspensions were sonicated for various time intervals (30, 60 and 120 min). The effect of sonication time on specific surface area and the colloidal stability behavior of bentonite at various pH and in presence of different NaCl concentration were investigated. The increased in lightness and brightness of bentonite suspension was observed during sonication experiment which could be attributed to the reduction in the particles size.
Introduction
Bentonites are widely used in several industrial applications, such as foundries, petroleum drilling, civil engineering, catalysis, ceramics, paper manufacture, sorption of environmental pollutants, ion-exchange, etc. (Pacula et al., 2006) . These applications are related to sorption properties of the clays. Parameters such as surface area, brightness, crystallinity, and particle-size are important factors that have to be taken into account to evaluate the use of clays in technical applications (Franco et al., 2004 and Alessandra Poli et al., 2008) .
Great attention has been paid to the study of structurally modified clay minerals after mechanical deformation via planetary ball milling because it induces physical and chemical changes in the treated materials that can be exploited either to enhance known properties, or for new application purposes.
Mechanically ground clay minerals are frequently used in industry. Many papers had reports on the effect of particle-size reduction of natural materials, such as kaolinite (Franco et al., 2003; Horva´th et al., 2003 , Mako´et al., 2006 , talc (Godet-Morand et al., 2002; Pe´rez-Maqueda et al., 2005) , montmorillonite (Christidis et al., 2005; Bastida et al., 2006) , mica (Pe´rez-Rodrı´guez et al., 2006) , vermiculites (Wiewio´ra et al., 2003; Balek et al., 2007) , dickite (Franco et al., 2007) on their properties.
Recently, various studies have been developed using sonication as method for reduction of the size of clay particles (Pe´rez-Maqueda et al., 2005) . The sonication of several clay minerals produces delaminating of the larger particles, leading to a reduction of the size of the clay particles. Pe´rez-Rodrı´guez et al. (2002 have been studied the influence of ultrasound on the thermal behavior of clays minerals, they observed that sonication produces a significant increase in the specific surface area due to particle-size reduction. Sonication has been used to prepare nanometric vermiculite particles, involving a delaminating effect, as well as the breaking of layers in other directions, but retaining the original crystalline character (Wiewio´ra et al., 2003) . The sonication of micas also lead to delamination and reduction of lateral size of the original macroscopic materials, yielding nanometric flakes that retain the structure of the material (Pe´rez-Rodrı´guez et al., 2006) .
The colloidal behavior of clay suspension changes with reduction in particle-size due to change of their surface charge. The dispersed clay particles in an aqueous solution are due to the charge being developed on the particle surface (Lucham and Rossi, 1999) . The surface charge gives rise to surface forces that in many cases impart colloidal stability and strongly affect the colloidal stability of the suspension.
Suspension stability of clay is directly dependent on the zeta potential (f) of the particles. The zeta potential is defined as the potential between the slipping plane and the bulk solution (Kosmulski et al., 1999) . The knowledge of zeta potential of clay/water system plays a significant role in understanding the stability of a clay solution. Zeta potential can be used to estimate the effect of the particle charge on such as aggregation, flow, sedimentation and filtration behaviors. Also it can be used to estimate the likely effect of various reagents on the properties of the colloid suspension (Alkan et al., 2005) .
The aim of this work is to study the effect of sonication on the colloidal stability behavior of raw bentonite (RB) through measuring its zeta potential with the variation of pH and in presence of different concentration of NaCl.
Experimental

Material
A raw bentonite (RB) was collected from Kholais region in Saudi Arabia and grinded in our laboratory. Sodium chloride salt (BDH) NaCl was used. The pH adjustments were carried on by using 0.5 HCl or 0.1 M NaOH.
X-ray diffraction analysis
The raw bentonite (RB) was characterized by X-ray diffraction (XRD). The XRD pattern of bentonite was given in Fig. 1 , the dominant component is montmorillonite (35.22%), kaolinite (13.33%), mica (22.8%), quartz (8.57%), feldapars (6.66%), and ilmenite (5.714). The remaining components are dolomite (3.81%) and gypsum, calcite (3.81%).
The calculations on the X-ray florescence (XRF) data of this sample to find out the structural formula of the montmorillonite existed in this sample. Na 0.67 K 0.13 Ca 0.02 Ba 0.04 (Si 7.47 Al 0.53 ) (Al 2.59 Fe 0.78 Ti 0.14 -Mg 0.44 Cr 0.04 )O 20 (OH) 4 .
The bold color ions represent the exchangeable ions. The first bracket for silica tetrahedral but the second for aluminum or ferric octahedral.
Methods
Sonication
Ultrasonic treatment was performed with a Misonic ultrasonic liquid processor of 750 W output with a 20 kHz 10 g of RB sample were mixed with 100 ml of freshly deionized water. The dispersions were sonicated for periods ranging from 30 to 120 min. The temperature of the dispersion was at room temperature (25°C). It was observed that the sonication caused a progressive deterioration of lightness and brightness. The sonicated bentonite samples at 30, 60, and 120 min are labelled as SB 30 , SB 60 and SB 120 respectively.
Determination of surface area
The specific surface area (SSA) of RB and sonication bentonite samples (SB 30 , SB 60 and SB 120 ) was determined using the Sear's method (Sears, 1956 ). About 0.5 g of the sample was acidified with 0.1 M HCl to a pH 3-3.5. The volume was made up to 50 mL with distilled water after addition of 10.0 g of NaCl. The titration was carried out with standard 0.1 M NaOH in a thermostatic bath at 298 ± 0.5 K to pH 4.0, and then to pH 9.0. The volume, V, required to raise the pH from 4.0 to 9.0 was noted and the specific surface area was computed from the following equation:
The procedure was carried out in duplicate and the result is reported as an average.
Point of zero charge determination
The point of zero charge (PZC) is a pH value at which the total amount of positive charge on the surface of solid is equal to the total amount of negative charge on it. The PZC is usually obtained by determination of the pH at which clay particles do not move in an applied electric field (electrophoretic mobility) (Sposito, 1989) . The zeta potential of bentonite suspensions before and after sonication was measured using a Zeta Meter 3.0 (Zeta Meter Inc.) equipped with a microprocessor unit. Bentonite suspensions (0.2 wt.%) having different initial pH values were prepared by the addition of HCl or NaOH solution and they were mixed at 25.0 ± 0.5°C. Then, final pH value and zeta potential value of each suspension were measured. The pH measurements were carried out by a combined glass electrodes. The zeta potential values measured for each final pH value of suspension.
pH measurement of the bentonite suspension
To study the effect of sonication time on the pH of bentonite suspension. The pH of the suspension was measured by pH meter, Mettler Toledo-MP 220, after vigorous stirring with a glass rod until the pH of the suspension became constant, which may take about 3 min.
Zeta potential measurement
Zeta potential of RB and sonication samples (SB 30 , SB 60 and SB 120 ) was measured by a Zeta Meter 3.0 equipped with a microprocessor unit to directly calculate the zeta potential. The samples were conditioned under the adsorption test conditions. About 25 ml of the sonicated bentonite suspension was removed from the adsorption test vial and introduced into the electrophoresis cell. The zeta potential was measured at natural pH. Each data point is an average of approximately 10 measurements. All measurements were made at ambient temperature. Zeta potential measurements were also performed to determine the effect of sonication time on the zeta potential and consequently the stabilization of bentonite suspension in presence of different concentration of NaCl ranged from 1 · 10 À3 to 1 · 10 À5 mol LÀ1 ).
Result and discussions
Effect of sonication time on IR spectra
The FTIR spectra of raw bentonite (RB) (Fig. 2) indicate that dominant mineral phase in this clay. The absorption band at 3657 cm À1 is due to the stretching vibrations of structural OH groups coordinated to Al-Al pair, the complex broad band around 1030 cm À1 corresponds to Si-O stretching (Russell and Fraser, 1994) , and the 520 and 468 cm À1 is related to the Al-O-Si, Si-O-Si, and Si-O deformations (Russell and Fraser, 1994; Madejova and Komadel, 2001) . Adsorbed water gives a broad band at 3435 cm À1 corresponding to the H 2 O-stretching vibrations (Madejova et al., 2002 The colloidal stability of raw bentonite deformed mechanically by ultrasound No significative differences in the features of FTIR spectra recorded were found between untreated bentonite (Fig. 2) and sonicated bentonite at different time (SB 30 , SB 60 and US 120 ) that means the bentonite does not suffer any significant structural modification. An increase of bands intensity was also detected. This effect was related to the increase of specific surface area taking place of bentonite sample after sonication. Fig. 3 shows the variation of the specific surface area for the bentonite samples as a function of sonication time. The plot clearly shows that sonication produces a remarkable increase in the specific surface area with sonication time. The specific surface area of bentonite samples increased from 26.8 to 64.6 m 2 /g at 0 and 120 min of sonication respectively.
Surface area of sonicated bentonite suspension
This surface area variation is associated with particle-size reduction. This result is very interesting because it shows that increments in the specific surface area obtained with ultrasound energy are notably higher than those obtained with a simple grinding. Previous studies have determined that when this kaolinite was ground in a ball mill the maximum increase in specific surface area (from 8.5 to 18.31 m 2 /g) was obtained after 15 min of treatment (Sa´nchez-Soto et al., 2000) . Above this time the particles become more agglomerated, and the surface area decreases as a consequence of the enhanced surface energy of the ground particles (Sa´nchez-Soto et al., 2000; Cornejo and Hermosı´n, 1988) .
Effect of sonication on point of zero charge
Point of zero charge for a given mineral surface is the pH at which that surface has a net neutral charge. The electrical charge at the clay/aqueous phase interface can be described as (Lucham and Rossi, 1999) :
At PZC there is no charge at the surface, that is, the total positive charges are equal to the total negative charges (Eq. (3)).
At the PZC of a colloidal system the particles exhibit zero zeta potential (i.e., the particles remain stationary in an electric field). Fig. 4 shows the relation between pH and the zeta potential of bentonite suspension before and after 120 min of sonication time. The zeta potential of the suspension was then recorded as a function of the pH. This was compared with the PZC of the raw bentonite suspension. The results, in Fig. 4 , show how sonication moves the PZC from approximately pH 3-2 when the bentonite suspension is sonicated for 120 min. Such behavior can be explained by increasing the negative surface charges of the bentonite after sonication, leading to increase the protonation process as presented in Eq. (2). This behavior leads to shift the ZPC to be in more acidic medium. Fig. 5 shows the results of pH measurements at different sonication times, to show that pH decreases with increasing the sonication time. For example, the pH value decreased from 9.2 for RB suspension before sonication to 8.27, 8 and 7.7 after sonication for 30, 60, 120 min respectively. This is consistent with the work of Milonjicc´(1987) , who observed that dispersing of silica powder in an aqueous solution normally results in developing a charge on the powder surface. Davis et al. (1978) explained that if the pH of the silica suspension is less than that point of zero charge (PZC), the surface will give hydroxyl ions (OH À ) and the slurry becomes alkaline. On the other hand, If the pH of the silica suspension is greater than that point of zero charge, the silica surface will give hydrogen ions (H + ) resulting in an acidic slurry. A similar result was observed in this work, the PZC was at pH 3 and 2 for RB and SB 120 respectively. Because the more exposure surfaces produced due to the sonication process, then these exposure surfaces will be deprotonated by the OH À ions presence in the solution.
The effect of sonication time on pH of the suspension
Zeta potential as a function of sonication time
The magnitude of zeta potential gives an indication of the potential stability of the colloidal system. If all the particles in suspension have a large negative or positive zeta potential, then they will tend to repel each other and there will be no tendency for the particles to come together. However, if the particles have low zeta potential values, then there will be no force to prevent the particles coming together and flocculating. The general dividing line between stable and unstable suspensions is generally taken at either +30 or À30 mV. Particles with zeta potentials more positive than +30 mV or more than À30 mV are normally considered stable (Duman and Tunc¸, 2009 ). The measured zeta potential has been plotted as a function of sonication time (Fig. 6) . The data indicate that, by increasing the time of sonication the zeta potential of bentonite suspension increased from À33 to À44 mV. Vallar et al. (1999) mentioned that the higher the zeta potential with the same polarity, the higher will be the electrostatic repulsion between the particles. Similar observations were obtained in this study. The increasing in the f-potential value from À33 to À44 mV suggests a strong inter-particle repulsive force, which enhanced suspension stability and avoids agglomeration. Maximum fpotential is our result was in agreement with published results given by Stenger et al. (2005) and Sakthivel et al. (2008) .
3.6. The effect of NaCl on zeta potential of bentonite suspension Fig. 7 shows the effect of NaCl concentration on zeta potential of bentonite suspension before and after sonication. The zeta potential of bentonite before sonication (RB) decreased with increasing NaCl concentration. According to the popular Derjaguin-Landau-Verwey-Overbeek (DLVO) Theory, the interaction energy between two similarly charged suspended colloids is determined by the sum of the electrostatic repulsion between the electrical double layers (EDL) at the surface of both particles and van der Waals attraction between the particles. The DLVO theory elucidates the aggregation of suspended colloidal particles, bentonite suspension, due to increased ionic strength (Van Olphen, 1977) .
The action of electrolyte in the suspension is important, in that, they compress the electrical double layer and thus reduce the value of zeta potential and reduce the inter-particle repulsion that keep the particle suspended. Therefore in our study as would be expected, the increasing in NaCl concentrations allows EDL on the surface of the bentonite charged particles to diminish, allowing them to come closer and eventually the zeta potential of natural bentonite decreased. The results obtained can also be explained according with the following formula (Schulze-Hardy rule)
where 1/K is the thickness of the diffused layer (Å ), Z denotes the valence and C represents the ion concentration (mol L À1 ). This formula indicates that for the same type electrolytes (monovalent) the concentration contributes significantly to the thickness of EDL and consequently causes a reduction in the zeta potential with increasing electrolyte concentration. After sonication the bentonite suspension at different time (SB 30 , SB 60 and SB 120 ), it was observed unusual behavior compared to Schulze-Hardy rule and formula 5 as early discussed in the above section, the zeta potential of sonicated bentonite (SB 120 ) suspension in presence of 0.00001 and 0.0001 M/L of NaCl not affected but in presence of 0.001 M/L NaCl, there is little decreasing in the zeta potential. This unusual trend due to the increasing in the surface area of bentonite and negative charge of bentonite surface upon sonication. Therefore the electrostatic repulsion between the electrical double layers at the surface of both particles of bentonite after sonication not affected by diluted NaCl solutions.
Therefore in our work we can say the sonication of bentonite suspension leads to increasing repulsion forces between bentonite particles, the aggregation of bentonite particles was effectively inhibited and consequently increasing the stability of bentonite suspension.
Conclusion
-The bentonite does not suffer any significant structural modification and retain its crystalline structure upon sonication as indicated from FTIR. -The surface area of bentonite increases with increasing the time of sonication. Figure 7 Effect of NaCl concentration on zeta potential of RB, SB 30 , SB 60 and SB 120 .
-The zeta potential of bentonite suspension increases with increasing the time of sonication and consequently increasing suspension stability of bentonite. -In the presence of low concentration of NaCl, the bentonite suspensions do not follow Schulze-Hardy rule.
